Serologically defined strains of Campylobacter jejuni and Campylobacter coli from healthy and diarrheic animals were examined for the occurrence of plasmid DNA in association with the antibiotic susceptibility of the bacterial host and the health status of the animal host. Of all campylobacter organisms surveyed, 53% (116 of 200) contained plasmid DNA. A plasmid occurrence rate of 73.8% was obtained for C. coli from healthy pigs, contrasted by lower plasmid occurrence rates for C. coli from diarrheic pigs (30%) and from all diarrheic animals (21.4%). For C. jejuni, in contrast, only 13.6% of healthy cattle contained plasmid DNA, contrasted by a higher plasmid occurrence rate of 31.2% from diarrheic cattle. A high plasmid occurrence rate of 75.8% was observed for C. jejuni from healthy chickens. Campylobacter plasmids ranged in size from '1 to 86 megadaltons. Antibiotic susceptibility for 52 animal isolates (excluding chickens) indicated that most isolates were susceptible to kanamycin, erythromycin, gentamicin, tetracycline, and compound sulfonamide, whereas few were susceptible to bacitracin (19.2%); approximately half were susceptible to ampicillin (55.8%) and streptomycin (51.9%), and no isolates were susceptible to penicillin G. More isolates containing plasmids were resistant to ampicillin, tetracycline, and gentamicin than were isolates not carrying plasmids, there being a statistically significant difference for tetracycline and gentamicin, which suggested that these two antibiotics were probably plasmid mediated. The antibiotic susceptibility patterns of 21 chicken isolates of C. jejuni, by contrast, were different in that most were susceptible to ampicillin in addition to kanamycin, erythromycin, and gentamicin, whereas few were susceptible to compound sulfonamide, streptomycin, and tetracycline in addition to penicillin G and bacitracin. A 30-or 39-megadalton plasmid, or both, common to many of the chicken isolates was usually associated with tetracycline resistance.
.5%. The total percentage of strains with plasmids was 50%o.
now is accepted that the animal reservoir represents a major source of infection for humans (16, 34) . Furthermore, there is concern that the widespread use of antibiotics, as therapeutic agents and as feed additives, in food-producing animals, may lead to the development of antibiotic-resistant 340 BRADBURY AND MUNROE and C. coli strains isolated from healthy and diarrheic animals (27) were examined for the occurrence of plasmid DNA in association with the antibiotic susceptibility of the bacterial host and the health status of the animal host. (10 ,ug) , kanamycin (30 ,ig), erythromycin (15 ,ug) , streptomycin (10 ,ug), bacitracin (10 ,ug) , and compound sulfonamide (300 ,ug) (Oxoid Ltd., London, England). Susceptibility testing was by standard procedures (23) .
MATERIALS AND METHODS

Source
RESULTS
Plasmid analysis. Serologically defined strains (27) organisms surveyed, 53% (116 of 200) contained plasmid DNA, and all isolates were screened at least twice (Table 1) . With the exception of 62 C. jejuni isolates from healthy chickens which were analyzed separately, the plasmid occurrence rates (POR) for 138 campylobacter isolates are presented in Table 1 . A POR of 73.8% (45 of 61) was obtained for C. coli from healthy pigs, contrasted by lower POR of 30% (3 of 10) and 21.4% (3 of 14) for diarrheic pigs and all other diarrheic animals, respectively. In contrast, for C. jejuni, a POR of 13.6% (3 of 22) was obtained for healthy cattle, contrasted by 31.2% (10 of 32) for diarrheic cattle. Furthermore, the POR for C. jejuni from all diarrheic animals was higher (42.5% or 17 of 40) than that from healthy animals (17.4% or 4 of 23). Basically, the presence of plasmid DNA varied according to the health status of the animal host, there being a lower POR for C. coli from diarrheic pigs as compared with higher POR for C. jejuni from diarrheic cattle and other animal species. This suggested a link between the presence of plasmids in C. jejuni and the occurrence of diarrhea in its animal host; however, a similar link could not be established for C. coli. Plasmid DNA, for instance, was found infrequently among C. coli isolated from diarrheic pigs and other animals. This difference was striking in pigs, considering not only the high POR for C. coli in healthy pigs but also the large number of plasmids present in each isolate.
Of 69 plasmid-containing isolates (Table 1 ) of C. jejuni and C. coli from healthy and diarrheic animals, 27 were selected for molecular weight determinations of their plasmids by comparing their mobilities with nine plasmids of known molecular weight ranging from 2.6 x 106 to 82 x 106 Da ( Table 2 ). The plasmid profiles of 19 of the 27 plasmidcontaining isolates ( (Fig. 1,  sp52 , sp97, brackets in lanes 5 and 6). Similar ladder patterns also were clearly visualized for two other isolates which ranged in size from 2.7 x 106 to 5.8 x 106 Da (Fig. 1, p23 , brackets in lane 3) and from 7.3 x 106 to 18.5 x 106 Da (Fig.  1, p7 in lane 19) . Preliminary Si nuclease analysis indicated (unpublished data) that the ladder patterns are negatively supercoiled plasmid DNA with relaxed forms represented by the steps in the ladder patterns. Each step differed in size by approximately 0.1 x 106 to 0.3 x 106 Da. These ladder patterns were not unlike those recently observed for negatively supercoiled pBR322 in E. coli (15) . Similar ladder patterns in a C. coli isolate obtained from sheep and a C.
jejuni isolate from a marmoset were observed previously (7).
In most cases chicken isolates from a single flock were the same serotype and contained the same plasmids (Fig. 2) and antibiotic susceptibility patterns (Table 3 ). This suggeGted a common source for the dissemination of C. jejuni among chickens in a flock, and it was suspected that the high POR of 75% (47 of 62) obtained was due to repeat isolation of identical organisms from different birds of the same flock. For this reason these isolates were analyzed separately.
Five different plasmid profiles representative of different flocks were observed among the chicken isolates, and in were determined as described in the text. Lanes 1 to 3, 4 to 9, 10 to 14, and 15 to 18 were run in separate gels. The time of overnight electrophoresis varied between 14 and 18 h at 35V. In most cases chicken isolates of the same serotype from a single flock demonstrated the same plasmids and antibiotic susceptibility patterns. Lanes: 1 to 3, Penner (27, 32) serotype 5; 5 to 9, serotype 2; 10 to 14, serotype 3. In some cases different serotypes had identical plasmids, as was the case for serotypes 3 (lanes 15 and 16) and 1 (lanes 17 and 18). Plasmid and antibiotic susceptibility data for isolates SC3, SC8, SC17, SC28, SC32, SC135, SC136, SC138, SC141, SC146, and SC154 are presented in Table 3 .
several instances different flocks shared plasmids of identical molecular weight (Table 3 , Fig. 2 ). Figure 2 14) .
Antibiotic susceptibility. A total of 52 campylobacter organisms with and without plasmids from diarrheic and healthy animals (excluding chickens) were tested for their susceptibility to nine antibiotics commonly used as feed supplements and therapeutics in the Canadian animal husbandry industry (3) ( Table 4) . Table 2 presents the results of antibiotic susceptibility of 27 of these plasmid-containing organisms, and for a comparison, Table 5 presents the susceptibility of 25 isolates without plasmid DNA. All isolates listed in Tables 2 and 5 were compared to correlate the antibiotic sensitivity with the presence or absence of plasmid DNA in the host organism (Table 6 ).
In general, most isolates were susceptible to kanamycin, erythromycin, and compound sulfonamide, whereas few isolates were susceptible to bacitracin (19.2% or 10 of 52); approximately half were susceptible to ampicillin (55.8% or 29 of 52) and streptomycin (51.9% or 27 of 52), and no isolates were susceptible to penicillin G (Table 4) . When the susceptibility of isolates carrying plasmids was compared with that of isolates without plasmids, results were similar for susceptibility to kanamnycin, erythromycin, streptomycin, compound sulfonamide, bacitracin, and penicillin G (Table 6) ; however, more isolates containing plasmids were resistant to tetracycline, gentamicin, and ampicillin than were isolates not carrying plasmids. Statistically, the difference between isolates harboring plasmids and those without plasmids was not significant for ampicillin (P > 0.005) but was significant for tetracycline (P = 0.0007) and gentamicin (P = 0.0015). This suggested that antibiotic resistance to tetracycline and gentamicin was probably plasmid mediated, although there did not appear to be a consistent relationship between a particular plasmid and resistance to an antibiotic.
By comparison, 21 chicken isolates of C. jejuni tested for their antibiotic susceptibility showed different patterns in that most were susceptible to ampicillin in addition to kanamycin, erythromycin, and gentamicin, whereas few were susceptible to compound sulfonamide, streptomycin, and tetracycline in addition to penicillin G and bacitracin (Table 3) . On comparing the antibiotic susceptibility of 15 isolates with plasmids and 6 isolates without plasmids, tetracycline was found to be significantly associated with isolates with plasmids than with those without plasmids, as was the case for the other animal isolates, but not for gentamicin. Furthermore, a 30 x 106-or 39 x 106-Da plasmid, or both, was usually associated with tetracycline resistance in chicken isolates of C. jejuni (Table 7 , Fig. 2 ).
DISCUSSION
Although the origin of the many genes coding for antibiotic resistance remains speculative, it is well known that genetic variation in bacteria has been rapid, especially in their resistance to antibiotics (36) ; strains resistant to many antibiotics have been selected where antibiotic use is intensive and multiple (12, 45 humans, for instance, by way of contaminated meat is becoming increasingly more evident (14, 28, 43) . As a result of this, there is concern that there may be a link among antibiotic use in animal feeds, the development and presence of antibiotic resistance among bacteria in food-producing animals, and antibiotic-associated bacterial infection in humans. Animal feed supplementation with antibiotics is known to produce antibiotic-resistant bacteria in the normal enteric flora of the animals (1, 38) ; however, where antibiotic use has been restricted, the incidence of strains resistant to the agent has declined (22) . There is little doubt that the veterinary and medical use of antibiotics plays a crucial role in selecting resistance; the outstanding question is the impact of each on the dissemination of resistance genes through large populations of animals and humans. Nine antibiotics were selected because of their use as supplements and growth promoters in feeds in the Canadian animal husbandry industry (3); we found that the campylobacter susceptibilities to these nine antibiotics are consistent with those from other studies, although variation does generally occur from study to study (6, 9, 18, 44) . In this study most campylobacter organisms, excluding chicken isolates, were susceptible to kanamycin, compound sulfonamide, streptomycin, erythromycin, gentamicin, and tetracycline, although resistance to tetracycline and gentamicin was not uncommon. Similar studies have shown that there is a high frequency of resistance to ampicillin and penicillin G (18) ; likewise, we have found all the campylobacter organisms to be resistant to penicillin G and approximately half to be resistant to ampicillin. In addition, most organisms were resistant to bacitracin, and nearly half were resistant to streptomycin. In contrast, chicken isolates of C. jejuni differed in that they were susceptible to ampicillin in addition to kanamycin, erythromycin, and gentamicin, whereas few were susceptible to compound sulfonamide, streptomycin, and tetracycline in addition to penicillin G and bacitracin.
We also compared antibiotic resistance among bacteria with and without plasmids and found that a higher frequency of tetracycline and gentamicin resistance was observed among isolates with plasmids than among isolates without plasmids. With the exception of chicken isolates of C. jejuni in which a 30-or 39-MDa plasmid, or both, was usually associated with tetracycline resistance, there did not appear to be a consistent relationship between a particular plasmid and resistance to an antibiotic. A 38-MDa plasmid encoding tetracycline resistance was previously identified in C. jejuni and C. coli (40) (41) (42) , but transfer of tetracycline resistance by conjugation can occur with no evidence of extrachromosomal DNA in the tetracycline-resistant transconjugants (24) . In this study, tetracycline resistance also was observed among isolates that did not possess a 30-or 39-MDa plasmid, which suggested that tetracycline resistance may be carried on more than one size of plasmid. Tetracycline resistance has been associated with transposable elements (13, 20) , as has gentamicin resistance (30), thus the potential exists for movement between replicons and subsequent transfer between other bacteria in humans. Indeed, it is well recognized that both C. jejuni and C. coli are found as pathogens in animals, food, and humans and that the serotypes commonly found in human disease are frequently isolated from environmental and animal sources, campylobacter enteritis in humans being a zoonosis (16, 27) . Furthermore, in a recent surveillance study of the possible linkages between human infection with C. jejuni and its contamination of food it was found that enteritis due to C. jejuni was more common than that due to Salmonella spp., and the study concluded that the consumption of poultry products appeared to be the main route of transmission in the flow of C. jejuni to humans (44) .
It was apparent from our study that animal isolates of Campylobacter spp. frequently harbored plasmid DNA of different molecular weight. The high frequency of plasmid DNA observed among animal isolates may result from the overall exposure of the organisms to antibiotics present in animal feeds. Under normal conditions the bacterial cell has no need for plasmids and they tend to be lost, but when a plasmid function becomes essential for survival, as for example when antibiotics are used, cells containing the appropriate plasmid will be selected at the expense of those that do not (12, 22) . These environmental pressures seem to induce significant molecular changes, resulting in the derivation of new genetic information. Often condition, the most commonly occurring plasmids were an 86-, 25-to 26-, and 30-to 34-MDa species. By contrast, earlier studies indicated that few human clinical isolates of C. jejuni strains contain plasmids (7, 8, 26, 33) and that in one human outbreak of C.jejuni enteritis, the human isolates were devoid of plasmids, whereas identical isolates from cattle contained 30-to 34-MDa plasmids (8) .
Although there has been no firm evidence to date of plasmids associated with campylobacter disease (39), recent evidence emerging from two separate laboratories now suggests two pathogenic mechanisms associated with campylobacter infections: invasion and enterotoxin production (secretory) (21, 35) . It was suggested that some strains of C. jejuni might be nonpathogenic, whereas others may have separate plasmid-induced properties of either invasiveness or enterotoxigenicity as is known to occur for E. coli organisms (21) . Thus, it is possible that there may be different modes of infection, that may or may not be mediated by plasmids, for different campylobacter species and strains.
There is no doubt that the close association between campylobacter and human enteric disease makes it a potential agent for the dissemination of antibiotic resistance genes among human bacterial flora. In this respect, our results emphasize the important role that campylobacter isolates and their associated plasmids have to offer for tracing the spread of antibiotic resistance through animal and human populations.
